Baseline sensitivity was determined using in vitro radial growth assay for Fusarium oxysporum, Fusarium graminearum, and a novel uncharacterized Fusarium sp. nov. from sugarbeet, and F. sambucinum from potato, to metconazole, triticonazole, and thiabendazole. All the isolates from sugarbeet and a thiabendazole-sensitive F. sambucinum isolate were sensitive to the tested fungicides. A thiabendazole-resistant isolate of F. sambucinum was resistant to thiabendazole but sensitive to the other two fungicides. The EC 50 values of F. oxysporum, F. graminearum, and F. sp. nov. for triticonazole were 0.51 µg ml -1 , 2.15 µg ml -1 , and 0.04 µg ml -1 , respectively. The EC 50 values of F. oxysporum, F. graminearum, and F. sp. nov. for metconazole were 0.04 µg ml -1 , 0.03 µg ml -1 , and 0.02 µg ml -1 , respectively. The EC 50 values of F. oxysporum, F. graminearum, and F. sp. nov. for thiabendazole were 0.57 µg ml -1 , 0.54 µg ml -1 , and 0.64 µg ml -1 , respectively. Generally, a higher concentration of triticonazole and thiabendazole compared to metconazole were required to reduce colony growth by 50%. The low EC 50 values of metconazole, triticonazole, and thiabendazole for the Fusarium species tested suggest that they are potential candidates for control of Fusarium diseases of sugarbeet. Research is needed to determine the
of Fusarium species (Mesterhazy et al., 2003) . Triazoles have provided control of Fusarium head blight of small grains, dollar spot and other diseases of turfgrass in the United States for many years (Koller, 1988; Loss et al., 2005) . Haidukowski et al. (2005) reported that efficacy of triazole fungicides at controlling Fusarium head blight depended upon the time of application and control ranged from 25% to 89% in field conditions.
Thiabendazole belongs to the benzimidazole class of fungicide. Thiabendazole binds the beta tubulin gene and inhibits fungal growth (Davidse, 1986) . Benzimidazole has provided control of Fusarium species on seedlings, and tubers of a variety of crops (Davidse, 1986; Hanson et al., 1996) . For example, soil drenching by benomyl reduced foliar and internal xylem-browning symptoms of Fusarium wilt of tomato caused by F. oxysporum f. sp. lycopersici (Erwin, 1973) . Thiabendazole provided effective control against Fusarium wilt in potato caused by several Fusarium species (Secor et al., 1992) . However, prolonged usage of thiabendazole resulted in resistance to thiabendazole in some isolates of F. sambucinum, F. solani, F. oxysporum, F. acuminatum, and F. culmorum from potato (Hanson et al., 1996) .
In vitro sensitivity of Fusarium species associated with sugarbeet to the triazoles, metconazole and triticonazole, and thiabendazole have not been determined. It would be useful to determine sensitivity of Fusarium species associated with Fusarium diseases of sugarbeet to triazoles and thiabendazole to evaluate their potential for field use. The objective of this study was to determine the baseline sensitivity of F. oxysporum, F. graminearum, and F. sp. nov. (Rivera et al., 2008) associated with sugarbeet in Minnesota and North Dakota to metconazole, triticonazole, and thiabendazole.
MATERIALS AND METHODS

Isolate collection and growing condition.
Ninety-eight isolates [50 Fusarium sp. nov., 18 Fusarium oxysporum, and 30 Fusarium graminearum] were collected in Minnesota from Fusarium-diseased sugarbeet in 2005, and twenty five Fusarium oxysporum isolates were collected in 2006. A thiabendazole-resistant isolate (420-1c) and thiabendazole-sensitive (413-1a) isolate of Fusarium sambucinum from potato was used as a check in the thiabendazole-sensitivity in-vitro assay and also was grown on metconazole and triticonazole amended plates as described by Estrada (2007) . Each isolate was transferred to two petri dishes containing freshly prepared half strength potato dextrose agar (HPDA) and incubated at 25 to 26°C for five days under 24 h fluorescent light. HPDA was prepared by autoclaving 100 g of potato in 1 liter of distilled water for 20 min. followed by straining through cheesecloth to remove the water. The potato extract was mixed with 10 g dextrose and 10 g agar and autoclaved for 20 min.
Fungicide sensitivity in vitro assay.
The sensitivity of each isolate to thiabendazole (technical grade, Merck and Co., Rahway, NJ), metconazole, and triticonazole (commercial, BASF, Raleigh, NC) was determined by comparing the radial growth of each isolate on fungicide amended media to growth on nonamended media. Thiabendazole was dissolved in dimethyl sulfoxide (DMSO) due to greater solubility and to control bacterial growth (Kawchuk et al., 1994) . Metconazole and triticonazole were dissolved in sterile distilled water to obtain stock solution of 100µg mL -1 which was further diluted to 10, 1, 0.1, and 0.01µg mL -1 . Each concentration of each fungicide was incorporated into autoclaved media. The effect of the fungicide on mycelial growth in vitro was determined on HPDA media amended with 0, 0.01, 0.1, 1, 10, and 100 µg mL -1 of fungicide. A 5-mm diameter mycelial plug from the margin of a five day old actively growing culture of each isolate was inverted and transferred to the center of petri dishes (90 mm) with the fungicide amended media and the non-amended media. Isolate sensitivity to fungicides was assessed by measuring colony diameter of mycelial growth after 6 days of incubation at room temperature in the dark for F. graminearum and after seven days of incubation for F. oxysporum and F. sp. nov. Two perpendicular measurements of colony diameter, excluding the original plug diameter (5 mm), were obtained from each plate. Isolates were replicated twice with two plates per replication at each fungicide concentration. The experiment was repeated. The diameter of each colony on fungicide amended medium relative to the diameter of the colony on non-amended medium was recorded. The relative growth reduction percentage for each fungicide concentration was calculated as follows; [100-(diameter on fungicide amended medium/diameter on nonamended medium)*100]. EC 50 values of each isolate were calculated by determining the effective fungicide concentration that inhibited mycelial growth by 50%. We considered isolates as sensitive if their EC 50 values were equal to or less than 10 µg ml -1 , and resistant if their EC 50 values were greater than 10 µg ml -1 (Kawchuk et al. 1994 ).
Data analysis.
The effective fungicide dose that inhibited radial growth by 50% (EC50) was determined for each isolate by using the general linear modeling procedure in Statistical Analysis System (SAS Institute, Cary, NC). A homogeneous test was conducted for the repeated experiments based on calculated F values and Bartlett chi-square values before combining the data from the repeated experiment.
RESULTS
All the isolates of F. oxysporum, F. graminearum, F. sp. nov., and the thiabendazole-sensitive F. sambucinum isolate were sensitive to metconazole, triticonazole, and thiabendazole. The thiabendazole-resistant F. sambucinum isolate was resistant to thiabendazole but sensitive to metconazole and triticonazole. In general, greater concentrations of triticonazole and thiabendazole were required to reduce colony growth by 50% compared to metconazole. The EC 50 value of metconazole for F. oxysporum ranged from 0.0058 µg ml -1 to 0.080 µg ml -1 , with a mean of 0.038 µg ml -1 (Fig. 1A) . The EC 50 value of triticonazole for F. oxysporum ranged from 0.007 µg ml -1 to 6.197 µg ml -1 , with a mean of 0.508 µg ml -1 (Fig. 1A) . Four F. oxysporum isolates had EC 50 values greater than 2.5 µg ml -1 for triticonazole. The EC 50 value of thiabendazole for F. oxysporum ranged from 0.061 µg ml -1 to 0.850 µg ml -1 , with a mean of 0.567 µg ml -1 (Fig. 1A) . The EC 50 value of metconazole for F. graminearum ranged from 0.006 µg ml -1 to 0.080 µg ml -1 , with a mean of 0.031 µg ml -1 (Fig. 1B) . The EC 50 value of triticonazole for F. graJan. 2010 -July 2010 Baseline Sensitivity 27 NC). A homogeneous test was conducted for the repeated experiments based on calculated F values and Bartlett chi-square values before combining the data from the repeated experiment.
All the isolates of F. oxysporum, F. graminearum, F. sp. nov., and the thiabendazole-sensitive F. sambucinum isolate were sensitive to metconazole, triticonazole, and thiabendazole. The thiabendazole-resistant F. sambucinum isolate was resistant to thiabendazole but sensitive to metconazole and triticonazole. In general, greater concentrations of triticonazole and thiabendazole were required to reduce colony growth by 50% compared to metconazole. The EC 50 value of metconazole for F. oxysporum ranged from 0.0058 µg ml -1 to 0.080 µg ml -1 , with a mean of 0.038 µg ml -1 (Fig. 1A) . The EC 50 value of triticonazole for F. oxysporum ranged from 0.007 µg ml -1 to 6.197 µg ml -1 , with a mean of 0.508 µg ml -1 (Fig. 1A) . Four F. oxysporum isolates had EC 50 values greater than 2.5 µg ml -1 for triticonazole. The EC 50 value of thiabendazole for F. oxysporum ranged from 0.061 µg ml -1 to 0.850 µg ml -1 , with a mean of 0.567 µg ml -1 (Fig. 1A) . The EC 50 value of metconazole for F. graminearum ranged from 0.006 µg ml -1 to 0.080 µg ml -1 , with a mean of 0.031 µg ml -1 (Fig. 1B) minearum ranged from 0.043 µg ml-1 to 4.965 µg ml -1 , with a mean of 2.149 µg ml -1 (Fig. 1B) . The EC 50 value of triticonazole for 17 isolates of F. graminearum (>50% of isolates) was greater than 2.5 µg ml -1 . The EC 50 value of thiabendazole for F. graminearum ranged from 0.06 µg ml -1 to 0.667 µg ml -1 , with a mean of 0.537 µg ml -1 (Fig. 1B) . The EC 50 value of triticonazole for F. sp. nov. ranged from 0.009 µg ml -1 to 0.079 µg ml -1 , with a mean of 0.0441 µg ml-1 (Fig. 1C) . The EC 50 value of metconazole for F. sp. nov. ranged from 0.007 µg ml -1 to 0.084 µg ml -1 , with a mean of 0.0187 µg ml -1 (Fig. 1C) . The EC 50 value of thiabendazole for the F. sp. nov. ranged from 0.373 µg ml -1 to 1.908 µg ml -1 , with a mean of 0.636 µg ml -1 (Fig. 1C) minearum ranged from 0.043 µg ml-1 to 4.965 µg ml -1 , with a mean of 2.149 µg ml -1 (Fig. 1B) . The EC 50 value of triticonazole for 17 isolates of F. graminearum (>50% of isolates) was greater than 2.5 µg ml -1 . The EC 50 value of thiabendazole for F. graminearum ranged from 0.06 µg ml -1 to 0.667 µg ml -1 , with a mean of 0.537 µg ml -1 (Fig. 1B) . The EC 50 value of triticonazole for F. sp. nov. ranged from 0.009 µg ml -1 to 0.079 µg ml -1 , with a mean of 0.0441 µg ml-1 (Fig. 1C) . The EC 50 value of metconazole for F. sp. nov. ranged from 0.007 µg ml -1 to 0.084 µg ml -1 , with a mean of 0.0187 µg ml -1 (Fig. 1C) . The EC 50 value of thiabendazole for the F. sp. nov. ranged from 0.373 µg ml -1 to 1.908 µg ml -1 , with a mean of 0.636 µg ml -1 (Fig. 1C) . The EC 50 value of thiabendazole, triticonazole, and metconazole for the known thiabendazole-resistant F. sambucinum isolate were 50.20 µg ml -1 , 6.184 µg ml -1 , and 0.0182 µg ml -1 , respectively. The EC 50 value of thiabendazole, minearum ranged from 0.043 µg ml-1 to 4.965 µg ml -1 , with a mean of 2.149 µg ml -1 (Fig. 1B) . The EC 50 value of triticonazole for 17 isolates of F. graminearum (>50% of isolates) was greater than 2.5 µg ml -1 . The EC 50 value of thiabendazole for F. graminearum ranged from 0.06 µg ml -1 to 0.667 µg ml -1 , with a mean of 0.537 µg ml -1 (Fig. 1B) . The EC 50 value of triticonazole for F. sp. nov. ranged from 0.009 µg ml -1 to 0.079 µg ml -1 , with a mean of 0.0441 µg ml-1 (Fig. 1C) . The EC 50 value of metconazole for F. sp. nov. ranged from 0.007 µg ml -1 to 0.084 µg ml -1 , with a mean of 0.0187 µg ml -1 (Fig. 1C) . The EC 50 value of thiabendazole for the F. sp. nov. ranged from 0.373 µg ml -1 to 1.908 µg ml -1 , with a mean of 0.636 µg ml -1 (Fig. 1C) . The EC 50 value of thiabendazole, triticonazole, and metconazole for the known thiabendazole-resistant F. sambucinum isolate were 50.20 µg ml -1 , 6.184 µg ml -1 , and 0.0182 µg ml -1 , respectively. The EC 50 value of thiabendazole, triticonazole, and metconazole for the known thiabendazole-sensitive F. sambucinum isolates were 0.97 µg ml -1 , 0.813 µg ml -1 , and 0.0619 µg ml -1 , respectively. Of the three fungicides evaluated, metconazole was the most effective in vitro at reducing mycelial growth of F. oxysporum at lower rates (Fig. 2) .
DISCUSSION
Triazoles are sterol inhibiting fungicides. These fungicides have no immediate effect on the respiratory mechanism; therefore, they do not inhibit spore germination (Siegel, 1981) but are effective at preventing mycelial growth. Thiabendazole inhibits mitosis by preventing polymerization of beta tubulin and inhibits DNA synthesis (Davidse, 1986) . As such, radial growth assay was used to test for sensitivity to all fungicides in this study (Estrada, 2007) .
Differences in sensitivity to the fungicides in vitro were observed among the isolates. All the isolates were sensitive to the tested fungicides, but the sensitivity varied among the isolates and species. Metconazole reduced radial growth by 50% for all Fusarium species at lower concentrations than triticonazole and thiabendazole, indicating that metconazole would probably be effective at controlling Fusarium species at lower concentrations than triticonazole and thiabendazole. Although metconazole and triticonazole have similar modes of action, greater concentration of triticonazole was needed to reduce growth by 50% for F. graminearum and F. oxysporum. Isolates of F. oxysporum, F. graminearum, and F. sp. nov. were nearly 13, 69, and 2.4 sensitive to triticonazole than metconazole, respectively. The different concentrations of the triazoles required to reduce mycelial growth was probably due to their intrinsic activity against specific growth stages of the pathogen or action on different target site to inhibit sterol biosynthesis (Siegel, 1981) , or differential availability or uptake. Since metconazole, triticonazole, and thiabendazole had low EC 50 values for Fusarium species in vitro, they have the potential to control Fusarium diseases in field conditions if applied in a timely manner. The Fungicide Resistance Action Committee (FRAC) classified thiabendazole as a high risk fungicide for resistance development. Although thiabendazole is an effective broad spectrum fungicide, its single mode of action increased the chance that prolonged usage can result in reduced sensitivity of isolates of Fusarium species to thiabendazole, as has been observed on potato (Hanson et al., 1996) . Triazoles are demethylation inhibitors which do not enter the plant protoplasm, only the apoplast, and move within the xylem, cuticle, cell walls, and intercellular spaces (Arntzen et al., 1970) , and are in the medium risk group for resistance development. However, resistance was also documented for triazoles (Koller, 1988 ). As such, should these fungicides prove effective in field conditions, resistance management strategies will have to be developed to prolong their usage.
times less
The challenge to use fungicides to effectively control Fusarium diseases in the field is to have the fungicides protect the roots at the time of infection. One of the authors (M. F. R. Khan) observed some symptoms of the disease, such as wilting of seedlings and yellowing of leaves from around mid-June to early July over the past three years at Sabin, MN, during wet conditions, indicating that infection took place earlier. Since the disease is soil-borne, seed treatments or in-furrow application at planting would be the most appropriate manner to apply the fungicides. However, planting in Minnesota and North Dakota is typically done from mid-April to early June, with earlier planting recommended to avoid pathogens such as Rhizoctonia solani and Aphanomyces cochlioides, and for higher yields. As such, fungicides applied at early planting may decompose or be washed away by rainfall by late May to early June and thus become ineffective at that time. It may be useful to plant mid-to late May when testing fungicides on seeds or in-furrow application for their efficacy in field control of Fusarium diseases. There may also be some utility in using a mixture of a triazole fungicide with thiabendazole especially since plants uptake the latter to stem and foliage without hydrolysis (Erwin, 1973) , which make it systemic and effective for a longer duration. s
